The leaching of organotin compounds from PVC pipe by Wu, William
TKE LEACHING OF ORGANOTIN COMPOUNDS 
FROM PVC P I P E  
A THESIS 
Presented to 
The Faculty of the Division of Graduate S t u d i e s  
by 
Fiilliam Wu 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
in the School of Chemical Engineering 
Georgia Institute of Technology 
May, 1978 
T H E  LEACHING O F  ORGmOTIN COMPOUNDS 
FROM PVC PIPE 
Approved : 
- 
Dr. S. C. Havlicek 
Dr. W. R. ~ x ? k k t -  ' 
Date approved by Chairman: 2 4  /97r -3-- 
The author is grateful for the assistance which was 
received during the course of this study. In particular, he 
wishes to thank Dr. R. S. Roberts, Chairman of the Thesis 
Committee, for his continuous support and friendship, which 
made completion of this study possible. The author wishes 
to thank the members of the Reading Committee, Drs. W. R. 
Ernst and S. C. Havlicek, for their technical assistance 
and advice. The author also wishes to thank other members 
of the faculty for technical advice when sought. He also 
wishes to thank the members of the staff of the Engineering 
Experiment Station,. particularly Dr. J. W. Ralls, who con- 
ducted the chemical analysis for this study and Dr. S. 
Chakrabortty for his assistance and instruction on electron 
microscopy. 
The author also wishes to acknowledge that this study 
was supported by the Environmental Protection Agency through 
Grant No. R804830010 and through research grants from the 
Schcol of Chemical Engineering. 

LIST O F  TABLES 
T a b l e  P a g e  
1. R e s c l t s  of F i t t i n g  E x p e r i m e n t a i  Data W i t h  
P r o p o s e d  Mode l  . . . . . . . . . . . . . . . .  
2 .  C a l c u l a t e d  V a l u e s  o f  Re a n d  Kx f o r  Dynamic 
T e s t  o n  U n l e a c h e d  P i p e  . . . . . . . . . . . .  
O r i f i c e  P l a t e  a n d  P r e s s u r e  Drop O v e r  It f o r  . . . . . . .  Dynamic  T e s t s  o f  U n l e a c h e d  P i p e  
P r e s s u r e  D r o p  O v e r  O r i f i c e  P l a t e  A F o r  T e s t  o n  
P i p e  L e a c h e d  f o r  1 0 . 3 3  D a y s  a t  6 .074  GPM . . .  
Calculated R e s u l t s  for  6.074 GPM Test . . . .  
C a l c u l a t e d  R e s u l t s  f o r  3 . 0 3 7  GPM T e s t  . . . .  
C a l c u l a t e d  R e s u l t s  f o r  1 . 5 1 9  GPM T e s t  . . . .  
C a l c u l a t e d  R e s u l t s  f o r  T e s t  o n  P i p e  L e a c h e d  
f o r  1 0 . 3 3  Days a t  6 .074  GPM ( T e s t  N o .  1) . . .  
C a l c u l a t e d  R e s u l t s  f o r  T e s t  o n  P i p e  L e a c h e d  
f o r  1 3 . 0 6  Days a t  6 . 0 7 4  GPM ( T e s t  N o .  2 )  . . .  
C a l c u l a t e d  R e s u l t s  f o r  S t a t i c  T e s t  o n  U-Shaped 
P i p e  L o o p  . . . . . . . . . . . . . . . . . .  
LIST OF ILLUSTARATIONS 
Figure  Page 
. . . . .  1. Schematic of Dynamic P ipe  Loop System 
2 .  S teps  i n  Prepar ing  SEM Sample . . . . . . . . .  
3 .  Experimental Resu l t s  Shown on Concentrat ion of 
Tin P l o t t e d  Against  Time f o r  6.074 GPM T e s t  . . 24 
4 .  Experimental Resu l t s  Shown on Concentrat ion of 
Tin P l o t t e d  Agairist T i m e  f o r  3.037 GPM T e s t  . . 
5. Experimental Resul t s  Shown on Concentrat ion of 
Tin P l o t t e d  Against T i m e  f o r  1 .519  GPM T e s t  . . 
6 .  Experimental Resu l t s  of T e s t  No. 1 on Previous ly  
LeachedPipe  . . . . . . . . . . . . . . . . .  27 
7. Experimental Resu l t s  of T e s t  No. 2 on Previous ly  
Leached Pipe . . . . . . . . . . . . . . . . .  
. . . . . . . . . .  8. Log-Log P l o t  of  K x  ve r sus  R e  
9. Experimental  R e s u l t s  Shown on Concentrat ion of 
Tin P l o t t e d  Against  T i m e  f o r  S t a t i c  T e s t  on 
U-Shaped Pipe  Loop . . . . . . . . . . . . . .  35 
10. Leached Harvel PVC 1120 P ipe  Sec t ion  ( I n s i d e  
Surface)  Magnif icat ion 5 , 0 0 0 ~  . . . . . . . . .  39  
11. Leached Harvel  PVC 1120 Pipe  Sec t ion  (Same 
Surface  a s  i n  F igure  1 0 )  Magnif icat ion 
20,000x . . . . . . . . . . . . . . . . . . . .  
1 2 .  Precoated Harvel PVC 1120 Pipe Sec t ion  
( I n s i d e  Surface  Adjacent t o  Surface i n  F igure  
I O j  Magnif icat ion 5,OGOx . . . . . . . . . . .  40 
13. Precoated Harvel PVC 1120 Pipe Sec t ion  
(Same Surface  a s  i n  F igure  12)  Magnif icat ion 
20,000x . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . .  B-1. Aluminum Tank P l a t i n g  Resu l t s  
C-1.  Typica l  Raw Data From Flameless Atomic 
Absorption Analys is  . . . . . . . . . . -  
D-1. Calibration of Orifice Plate A . . . . . . . . 
D-2. Calibration of Orifice Plate 3 . . . . . . . . 
Page 
v i i  
SUMMARY 
The mig:raion of o rgano t in  s t a b i l i z e r s  from 3 / 4  i n . ,  
Sch. 80 polyvinyl  c h l o r i d e  p ipe  i n t o  u l t r a  high p u r i t y  
double-deionized w a t e r  (HPDDW) flowing through t h e  p ipe  was 
examined a s  a  func t ion  of t i m e  and flow r a t e .  A r e c i r c u l a -  
t i o n  system,wh.ich included 150 f e e t  of  PVC p ipe  being t e s t e d ,  
w a s  charged wi th  20 g a l l o n s  of  HPDDW. Reynolds numbers 
of 29,680, 1 4 , 8 4 0  and 7,420 were examined. The l each ing  
r a t e  w a s  found t o  be a decaying exponent ia l  f u n c t i o n  which 
decreased s i g n i f i c a n t l y  dur ing  a  pe r iod  of  f o u r  hours wi th  
r e c i r c u l a t i o n .  The l each ing  r e s u l t s  from s t a b i l i z e r  a t  o r  
near  t h e  i n n e r  w a l l  o f  t h e  p ipe .  Dif fus ion  of s t a b i l i z e r  
from t h e  bulk of  t h e  p ipe  w a l l  t o  t h e  inner  w a l l  w a s  
apparen t ly  n e g l i g i b l e .  I n  t h e  t e s t  system, an equ i l ib r ium 
was a t t a i n e d  between t h e  i n n e r  w a l l  of  t h e  PVC p i p e  and t h e  
HPDDW. 
Based on r e s u l t s  of  dynamic t e s t s  on unleached p i p e ,  
t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  w a s  determined t o  be propor- 
t i o n a l  t o  t h e  Reynolds number r a i s e d  t o  t h e  0.62 power. 
Considering t h e  s c a t t e r  i n  t h e  d a t a ,  t h e  va lue  of 0.62 agrees  
favorably  wi th  t h e  va lue  o f  0.80 repor ted  by S i e d e r  and Tate .  
Scanning e l e c t r o n  microscopy was used t o  examine 4 4  
samples of t h e  i n n e r  s u r f a c e  of PVC p ipes .  S ince  t h e  su r -  
f a c e  v a r i e d  cons ide rab ly  i n  i ts  f e a t u r e s ,  no d e f i n i t e  p a t t e r n  
v i i i  
of change i n  t h e  su r f ace s  due t o  leaching was observed. 
However, t h e  su r faces  of leached samples were apparent ly  
somewhat smoother than t h e  su r f ace s  of unleached samples. 
CHPSTER I 
INTRODUCTION 
Of all ~lastics known, polyvinyl chloride (PVC) and 
its compositions probably has the largest volume production 
on a worldwide basis. Since PVC is not naturally stable in 
commercial use, its acceptance on such a large scale is due 
principally to the incorporation of various stabilizers into 
t h e  PVC r e s i n .  One of t h e  major classes of stablizers is 
the organotin compounds. 
The use of stabilizers in PVC results in improved 
resistance to light induced deterioration and, more 
importantly, improved resistance to heat induced deteriora- 
tion (14). The disadvantage of using organotin compounds 
which prompted this study is their toxicity (15, 18). A 
major use of PVC is in the manufacture of pipe. Persons 
who use PVC pipe for conveying potable water might be exposed 
to undue risk if significant leaching of the stablizer from 
the pipe to the water supply takes place. 
Recent experimental testing by National Sanitation 
Foundation (19) showed that leaching of organotin stablizer 
took place when pipes were contacted with water under static 
conditions. In these tests, ten out of ten samples of PVC 
pipe failed to meet a 0.05 ppm standard for tin. While 
0.05 ppm may not seem to be a very high level, a recent 
report describing chronic, low-level studies concluded 
a dose of dibutyltin sulfide in an amount of 0.1 mg/kg 
(100ppb) has an effect. This study also recommended a 
maximum safe level of 20 ppb of the organometallic 
agents (11). 
The assessment of potential hazards which might result 
from the leaching of organotin stablizer from PVC pipe would 
seem to be most profitably accomplished using a system which 
simulates actual conditions of use. For this reason, a pipe 
loop testing system in which dynamic tests could be run 
under controllable conditions was assembled. The primary 
aim was to determine mass transfer coefficients and leaching 
rates as a function of flow rate and time. 
In addition to the dynamic tests, scanning electron 
microscopy was also implemented in an effort to determine 
the mechanism by which organotin compounds leach from PVC 
pipe to the wat.er supply. Microscopy was used to examine 
the inner surfaces of sections of leached and unleached pipe. 
CHAPTER Ii 
GENERAL DISCUSSION AND LITERATURE REVIEW 
The effect of fluid physical properties on the rate 
of convective mass and heat transfer to Newtonian fluids 
flowing turbulently inside tubes has been studied extensively. 
The equations of Chilton and Colburn (12), Sieder and 
Tate (17), and Harriot and Hamilton (9) all have the fol- 
lowing form: 
Nu, Re, and Sc are the Nusselt, Reynolds, and Schmidt numbers, 
respectively. Significant differences in the numerical 
values of clt c2, and c3 have been reported. The discre- 
pancies indicate that the use of such correlations are limited 
certain ranges Reynolds and Schinidt numbers . 
Friend and Metzner (7) developed an equation for 
heat and mass transfer that provided reasonable agreement 
with experimental data for smooth pipe with Schmidt numbers 
greater than Their semitheoretical correlation 
ReSc ( f / 2 )  
Nu - 1.20 + 11..8 (Sc-1)Sc -1/3 
is not applicable to systems such as liquid metals in which 
most the resistance to transfer is in the turbulent core. 
Hughrnark (10) took the resistance in the turbulent core into 
account and presented a three-resistance model: 
+ -  1 3 . 5 8  DA -- 
Ru. * + 2vT7T 
Using t h e  r e l a t i o n s h i p  given by Bird ( 2 ) ,  et. a l .  results i n :  
The applicability of these correlations to our system 
may be somewhat limited since they were developed for homo- 
geneous mass transfer from wall solution data (9) or electro- 
chemical data (12) . 
Berens and Daniels (1) have developed a predictive 
model for the migration of vinyl chloride monomer (VCM) from 
rigid PVC pipe. They combined the solubility and diffusion 
data obtained for VCM in uncompounded PVC resin powders with 
the Fickean diffusion equation. The considered the cass of 
a freshly extruded PVC product, quickly cooled to ambient 
temperature and stored in a VCM free atmosphere. The initial 
VCM concentration in the product was uniform. At the surface, 
equilibrium was quickly established with the environme~t and 
the VCM concentration was zero. Due to sufficient air 
c i r c u l a t i o n ,  t h e  s u r f a c e  concen t ra t ion  remained zero.  
Crank ( 4 )  g i v e s  t h e  s o l u t i o n  of  t h i s  problem f o r  a  hollow 
cy l inder ;  however, t h e  p r e d i c t i o n s  f o r  hollow c y l i n d e r s  a r e  
v i r t u a l l y  i d e n t i c a l  t o  t h o s e  f o r  p lane  s h e e t s ,  provid ing  t h e  
w a l l  th i ckness  i s  less than  t h e  i n s i d e  diameter .  Equat ions 
f o r  t h e  amount of VCM escaping  from t h e  s h e e t  was expressed 
i n  terms of t h e  f r a c t i o n  of o r i i i n a l  VCM, M, which escapes.  
S i m i l a r l y ,  wi th  pure water  f lowing through t h e  p i p e ,  
t h e  s u r f a c e  concen t ra t ion  of t h e  o rgano t in  s t a b i l i z e r s  might 
be e s s e n t i a l l y  zero ,  With low l e v e l s  of migra t ion ,  t h e  con- 
c e n t r a t i o n  of s t a b i l i z e r s  i n  t h e  dynamic t e s t  water  would be 
e s s e n t i a l l y  zero.  The Berens and Danie ls  model i s  f o r  migra- 
t i o n  from both s u r f a c e s  of t h e  s h e e t ;  b u t ,  i n  our c a s e ,  only  
t h e  i n n e r  s u r f a c e  i s  leached.  Therefore ,  a  p o s s i b l e  model 
f o r  our c a s e  might be: 
DA i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of  t h e  s t a b i l i z e r  i n  PVC, L 
i s  t h e  p i p e  t h i c k n e s s ,  and t i s  t i m e .  This  equat ion  i s  v a l i d  
u n t i l  t h e  0rganoti.n s t a b i l i z e r  concen t ra t ion  a t  t h e  midl ine  
of  t h e  p ipe  w a l l  f a l l s  below i t s  i n i t i a l  va lue ,  
The o rgano t in  s t a b i l i z e r s  which have achieved  wid^- 
spread  commercial success  a r e  d e r i v a t i v e s  of b u t y l t i n ,  
me thy l t in ,  and o c t y l t i n .  Usually a  mixture of t h e  mono- and 
d i a l k y l  d e r i v a t i v e s  i s  employed. T r i a l k y l t i n  c o n t e n t s  a r e  
from t h e  f i l m  t o  water  was obta ined .  
Hansen ( 8 )  i n  h i s  s tudy of s o l v e n t  evapora t ion  from 
a  polymer f i l m  concluded t h a t  t h e  i n i t i a l  s t a g e  i n  which t h e  
s u r f a c e  i s  w e t  wi th  s o l v e n t  i s  c o n t r o l l e d  by boundary l a y e r  
phenomena, and t h a t  i n  t h e  f i n a l  s t a g e ,  s o l v e n t  evapora t ion  
i s  c o n t r o l l e d  by i n t e r n a l  d i f f u s i o n .  The idea  of two s t a g e s  
of migra t ion  may prove u s e f u l  i n  t h e  l each ing  of o rgano t in  
s t a b i l i z e r s  from PVC p ipe ,  such t h a t  t h e  i n i t i a l  s t a g e  i s  
c o n t r o l l e d  by a  mass t r a n s f e r  c o e f f i c i e n t  and t h e  f i n a l  
s t a g e  i s  c o n t r o l l e d  by i n t e r n a l  d i f f u s i o n .  
CHAPTER I11 
EQUIPMENT AND INSTRUMENTATION 
Dynamic T e s t  System 
Due t o  t h e  low leach ing  r a t e  of t h e  o rgano t in  s t a b i -  
l i z e r  from t h e  p i p e  t o  t h e  w a t e r ,  a l a r g e  c o n t a c t  t i m e  i n  
t h e  dynamic t e s , t  system was requ i red .  Therefore,  a  r e c i r c u -  
l a t i o n  system w a s  cons t ruc ted  c o n s i s t i n g  of  a su rge  tank ,  
pump, o r i f i c e  xrieter, va r ious  i n e r t  f i t t i n g s ,  and 1 5 0  f e e t  
of  PVC p ipe ,  as shown i n  Figure  1.. The major concern i n  t h e  
s e l e c t i o n  of  materials f o r  equipment o t h e r  than  t h e  p i p e  was 
t h a t  they  would n o t  c o n t r  i u b t e  t i n  o r  remove t i n  from t h e  
system. 
The m a t e r i a l s  s t u d i e s  i n d i c a t e d  t h a t  3 0 4  s t a i n l e s s  
steel ,  polye thylene ,  and polypropylene w e r e  a c c e p t a b l e  
m a t e r i a l s .  The m a t e r i a l s  s t u d i e s  a r e  d iscussed  f u r t h e r  i n  
Appendix B. 
A 105 g a l l o n  c y l i n d r i c a l  polye thylene  tank  and cover  
were obta ined  from t h e  United S t a t e d  P l a s t i c  Corp. (Lima, 
Ohio).  I t  w a s  used a s  t h e  su rge  tank.  . The t ank  is 36  i n .  
diameter  and 2 4  i n .  he igh t .  
The o u t l e t  of t h e  tank ,  as i n d i c a t e d  by ~ i g u r e  1, 
l e a d s  t o  a  March Mfg. Co. (Glenview, I l l . )  Model TE-7R MD 
magnet ical ly  coupled pump. A magnet ica l ly  coupled pump was 

used i n  o r d e r  t o  avoid  seepage of test  water  through a 
s t u f f i n g  box o r  contaminat ion wi th  o i l  from a mechanical 
s e a l .  Next on l i n e  i s  a one inch  3 0 4  s t a i n l e s s  steel g lobe  
va lve  used t o  r e g u l a t e  t h e  f low r a t e  through t h e  p ipe  loop 
system. 
Following t h e  c o n t r o l  v a l v e  i s  a one inch  o r i f i c e  
meter cons t ruc ted  i n  t h e  machine shop a t  Georgia Tech. The 
p r e s s u r e  t a p s  on t h e  o r i f i c e  meter were connected wi th  a 
40 i n .  water  over  o i l  U-tube manometer. The o i l ,  Merian 175 
Blue F l u i d ,  has  a s p e c i f i c  g r a v i t y  of 1.75. Valves which 
vented t o  t h e  atmosphere were connected t o  t h e  p r e s s u r e  
l i n e s  s o  t h a t  a i r  and poss ib ly  contaminated water  could be 
purged from t h e  l i n e s .  Valves w e r e  a l s o  p laced  a t  t h e  pres-  
s u r e  tap-pressure  l i n e  junc t ions  i n  o r d e r  t o  i s o l a t e  t h e  
manometer from t h e  rest of t h e  system when f low rate w a s  n o t  
being measured; hence, t h e  p o s s i b i l i t y  of contaminat ion of 
t e s t  water  by manometer f l u i d  was minimal. The o r i f i c e  meter 
w a s  c a l i b r a t e d  f o r  p r e s s u r e  drop v e r s u s  f low r a t e  of w a t e r  
through t h e  m e t e r .  
The o r i f i c e  meter l e a d s  t o  t h e  150 f e e t  of PVC p i p e  
being t e s t e d  and va r ious  elbows, coupl ings and unions needed 
t o  connect t h e  s e c t i o n s  of  pipe.  The PVC p ipe  i s  mounted 
w i t h  a one degree upward g r a d i e n t  t o  prevent  a i r  entrapment. 
The PVC p i p e  l e a d s  d i r e c t l y  back t o  t h e  su rge  tank .  
The water  used i n  t h e  p i p e  t e s t s  was processed by a 
C o n t i n e n t i a l  Water Condit ioning u n i t .  The manufac tu re r ' s  
specifications indicate that the processed water had a 
tin concentration less than 0.1 ppb. Tests run in the EES 
laboratories confirmed that the system was operating within 
specifications. 
Analytical Method 
The chemical analyses were conducted by various 
members of the staff at the Georgia Tech Engineering Experi- 
ment Station. Since the experimental organotin concentrations 
were of the order of several ppb of tin, the development of 
an accurate technique for the quantitative analysis of 
organotin in water samples from the dynamic tests and materials 
studies was a difficult task. Some success was achieved 
with anodic stripping voltametry. The instrument used was 
a PAR Model (Princeton, 13. J. ) Model 174 A Polarographic 
Analyzer. This technique was used for the materials studies 
and some of the earlier pipe loop samples. However, the 
voltametry did not yield results which were as reproducible 
as desired. Other quantitative analysis techniques were 
considered. 
The flameless atomic absorption ( A l l )  technique proved 
to be the most reproducible of the methods tested. The 
advantages of AA over voltametry included the following: 
1. Smaller sample aliquots were needed to run an analysis. 
2. Less time was needed to run an analysis. 
3. Less handling was needed to prepare a sample for analysis. 
The instrument used was a Perkins-Elmer (Norwalk, Conn.) 
Model 303 Atomic Absorption Spectrophotometer equipped with 
a Model HGA-2100 heated graphite furnace. The AA technique 
was used to analyze all reported dynamic pipe loop samples. 
The AA technique will be discussed further in Appendix C. 
Electron Microscopy 
The instrument used for the scanning electron micro- 
scopy was the JEOL (Medford, Mass.) 100C-AS10-ASD-YDID. To 
  re vent static charge build up on the samples examined, a 
gold and palladium coating was applied to the samples using 
an International Scientific Instrument (Palo Alto, Calif.) 
Model PS-2 Coating Unit. 
CHAPTER I V  
PROCEDURE 
Pipe  Loop T e s t  Procedure 
The dynamic t e s t  system was set up i n  such a  way t h a t  
t h e  t ank ,  pump, v a l v e s ,  and o r i f i c e  meter needed only  t o  be 
assembled once. The p ipe  choosen t o  be t e s t e d  w a s  3/4 i n . ,  
Sch. SO Harvel :PVC 1120, Code 77-G-17-OCT. I t  w a s  obta ined  
i n  s tandard  20 f t .  s e c t i o n s .  Three samples of Harvel PVC 
p ipe  were found t o  c o n t a i n  400 (+60) - ppm t i n  by neutron 
a c t i v a t i o n  a n a l y s e s  ( 2 0 ) .  For each tes t ,  150 f e e t  of PVC 
p ipe  was set up on p ipe  s t ands .  The p ipe  was c u t  where 
necessary and threaded.  Although most PVC p i p e  i s  connected 
wi th  glued f i t t i n g s ,  t h e  chance of i n t e r f e r e n c e  from t h e  g l u e  
w a s  deemed undes i rable .  The p ipe  w a s  connected wi th  t h e  
fol lowing threatled f i t t i n g s :  seven elbows, f i v e  coupl ings ,  
one t e e ,  and one union. Teflon t a p e  was used a t  t h e  threaded 
j o i n t s  t o  prevent  leakage of test w a t e r  o u t  of  t h e  system. 
I n  o r d e r  t o  remove shavings of PVC p i p e  r e s u l t i n g  from 
th read ing ,  p ieces  of t e f l o n  t a p e ,  and o t h e r  d e b r i s ,  t h e  system 
w a s  r i n s e d  a f t e r  completion of set up. The c o n t r o l  va lve  and 
d r a i n  va lve  were c losed  and t h e  t ank  w a s  f i l l e d  wi th  approxi-  
mately 20 g a l l o n  of water processed by t h e  Con t inen ta l  Water 
System. Approximately e i g h t  g a l l o n  of t h e  water w a s  pmped 
through t h e  test  p ipe  b u t  n o t  allowed t o  r e t u r n  t o  t h e  tank.  
This  r i n s e  water  and t h e  remainder cf t h e  water  i n  t h e  tank 
w a s  then  d iscarded.  
Af te r  t h e  t ank  w a s  d ra ined ,  20 g a l .  of tes t  wa te r ,  
a l s o  processed by t h e  Con t inen ta l  Water System, was placed 
i n  t h e  tank  and t h e  test  w a s  begun. Timing of  t h e  experiment 
began when t h e  pump was s t a r t e d  and t h e  c o n t r o l  va lve  w a s  
opened. The d e s i r e d  flow r a t e  was qu ick ly  e s t a b l i s h e d  i n  
each run.  The va lves  a t  t h e  p r e s s u r e  t a p e  on t h e  o r i f i c e  
meter were opened. A i r  was purged from t h e  p r e s s u r e  l i n e s  
by opening up a  second set of va lves  l o c a t e d  a t  t h e  high 
p o i n t  i n  p r e s s u r e  l i n e s ,  which v e n t  t o  t h e  atmosphere. A f t e r  
t h e  a i r  was purged, t h e  air v e n t s  on t h e  l i n e s  were c losed .  
The c o n t r o l  v a l v e  w a s  then  a d j u s t e d  t o  o b t a i n  t h e  p r e s s u r e  
drop read ing  corresponding t o  t h e  proper  flow r a t e .  A f t e r  
t h e  flow r a t e  had been s e t ,  t h e  va lves  a t  t h e  p r e s s u r e  t a p s  
w e r e  a l s o  c losed  t o  avoid a chance of i n t e r f e r e n c e  from t h e  
manometer o i l .  The t h r e e  flow r a t e s  s t u d i e d  were 6.074, 
3.037, and 1.519 g a l l o n s  p e r  minute. 
Samples w e r e  t aken  a t  v a r i o u s  t i m e s  by c o l l e c t i n g  
approximately 50 m l .  of t h e  t e s t  water  r e t u r n i n g  t o  t h e  tank.  
The samples were placed i n  snap cap p l a s t i c  v i a l s .  Nine m l .  
of test  w a t e r  and one m l .  of h igh-pur i ty  6 N  hydrochlor ic  
a c i d ,  HC1 ,  were p i p e t t e d  i n t o  each sample v i a l .  The HC1 was 
added t o  p rese rve  t h e  sample and t o  p repare  it f o r  q u a n t i t a -  
t i v e  a n a l y s i s  of o rgano t in  compounds. 
The method of a n a l y s i s  was f l ameless  atomic absorp- 
t i o n  spectroscopy.  The method of a n a l y s i s  i s  d i scussed  i n  
Appendix C. 
I n  a d d i t i o n  t o  t e s t i n g  p rev ious ly  unleached p i p e ,  
two tests us ing  leached p i p e  were a l s o  made. For each t e s t ,  
processed water  w a s  f i r s t  r e c i r c u l a t e d  a t  6.074 GPM through 
150 f e e t  of unleached test  p ipe .  The pe r iods  of r e c i r c u l a -  
t i o n  were 10.33 days and 13.06 days f o r  T e s t  N o .  1 and T e s t  
No. 2 ,  r e s p e c t i v e l y .  The system was then  d ra ined .  Before 
beginning a  t e s t  on t h e  p rev ious ly  leached p i p e ,  t h e  system 
was r i n s e d  t h r e e  t i m e s  by f i l l i n g  t h e  tank wi th  20 g a l l o n s  
of  processed water .  Then t h e  water  was c i r c u l a t e d  through 
t h e  p ipe  loop f o r  approximately t h r e e  minutes be fo re  d r a i n i n g .  
A f t e r  completion of t h e  r i n s i n g ,  t h e  tank w a s  f i l l e d  wi th  
20 g a l l o n s  of  processed water  t o  be used i n  t h e  test .  A s  
i n  t h e  o t h e r  dynamic t e s t s ,  r e c i r c u l a t i o n  was begun and t h e  
f low r a t e  was then  s e t .  I n  T e s t  No. 2 ,  t h e  flow r a t e  was s e t  
a t  3.037 GPM. I n  T e s t  No. 1, t h e  flow r a t e  was set a t  6.074 
GPM; then ,  a f t e r  12.41 days,  t h e  f low r a t e  was r e s e t  a t  3.037 
GPM, and then ,  a f t e r  18.83 days a t  3 -037 GPM, t h e  flow r a t e  
was again  r e s e t  a t  6.074 GPM. Samples were c o l l e c t e d  i n  t h e  
same manner .as descr ibed  previous ly .  
The ambient temperature and atmospheric p r e s s u r e  
remained approximately c o n s t a n t  a t  21°C and 740 mrnHg, 
r e s p e c t i v e l y ,  dur ing  a l l  p ipe  loop t e s t s .  I n  t h e  dynamic 
p i p e  loop tests, t h e  temperature of t h e  test  water  was 
approximately 5 O C  above t h e  ambient temperature due t o  t h e  
energy i n p u t  of  t h e  pump. 
I n  a d d i t i o n  t o  t h e  dynamic p ipe  loop tests,  a s t a t i c  
p ipe  loop t e s t  was made wi th  4 . 9 7  meters of t e s t  p ipe .  Using 
two elbows, a U-shaped p i p e  loop w a s  set  up. The base  of 
t h e  U-shaped loop w a s  0.71 meters  and each arm was 1.88 
meters .  The loop was r i n s e d  f o r  approximately one minute,  
and then  f i l l e d  wi th  processed water  a t  t i m e  zero .  The 
samples were withdrawn wi th  a s y r i n g e  and f o u r  f e e t  of 
tubing .  The arms of t h e  U-shaped loop poin ted  upward; the re -  
f o r e ,  a s  t h e  t e s t  water  w a s  withdrawn, t h e  r a t i o  between i n n e r  
s u r f a c e  of  t h e  t e s t  p i p e  i n  c o n t a c t  wi th  t h e  test  water  and 
t h e  volume of t.he t e s t  water  remained approximately c o n s t a n t .  
Scanning E lec t ron  Microscopy Procedure 
The inne.r  s u r f a c e s  of PVC p ipe  examined by scanning 
e l e c t r o n  microscopy (SEM) were prepared i n  s e v e r a l  ways. Most 
of  t h e  samples of p i p e  examined were t h e  same type  of pipe 
t e s t e d  i n  t h e  dynamic p ipe  loop tests, 3/4 i n . ,  Sch. 80 
Harvel  PVC 1 1 2 0  pipe.  Some of t h e  p ipe  samples were leached 
s f a t i c a l l y  by submerging s e c t i o n s  i n  h igh-pur i ty  water ,  s e a l e d  
i n  a polyethylene b o t t l e .  Some of  t h e  samples were s t o r e d  a t  
s l i g h t l y  e l e v a t e d  temperatures  i n  o r d e r  t o  a c c e l e r a t e  changes 
i n  t h e  s u r f a c e  due t o  leaching .  A c o n t r o l  sample, s e a l e d  i n  
a b o t t l e  con ta in ing  no water ,  w a s  s t o r e d  i n  t h e  same manner 
as t h e  samples which were leached.  
Some of t h e  SEM samples were leached by submerging 
12 cen t ime te r s  s e c t i o n s  of p ipe  i n  a  water  f i l l e d  beaker .  
A t  t h e  end of t h e  leaching  pe r iod ,  t h e  s e c t i o n s  of p i p e  were 
removed from t h e  water  and t h e  i n n e r  p ipe  s u r f a c e  w a s  pre- 
pared  from SEIJI. A sample s i z e  s u i t a b l e  f o r  mounting w a s  
l i m i t e d  t o  approximately 20  mm i n  l eng th ,  f i v e  mm i n  width,  
and one mrn i n  depth.  The procedure f o r  s i z i n g  a  p ipe  s e c t i o n  
f o r  SEM, i l l u s t r a t e d  schemat ica l ly  i n  F igure  2,  i s  a s  
fol lows:  
A s e c t i o n  of p ipe  was c u t  t o  t h e  l eng th  of t h e  mounted 
sample. 
A p o r t i o n  of t h e  o u t s i d e  wa l l  of t h i s  s e c t i o n  w a s  ground 
t o  a  depth no more than  one m i l l i ~ e t e r  from t h e  i n n e r  wal l .  
The ground p o r t i o n  w a s  t hen  c u t  o u t  wi th  two p a r a l l e l  
cuts , ,  no more than f i v e  nun a p a r t ,  a long t h e  l e n g t h  of 
t h e  s e c t i o n .  
Some samples were f i r s t  s i z e d  f o r  mounting, and then  
leached o r  used a s  a  c o n t r o l .  
I n  o r d e r  t o  prevent  t h e  b u i l d  up of s t a t i c  charge on 
t h e  sample dur ing  examination wi th  SEM, an  e l e c t r i c a l l y  con- 
duc t ing  c o a t i n g  w a s  placed on t h e  s u r f a c e  of t h e  sample p r i o r  
t o  examination. I n i t i a l l y ,  a  g r a p h i t e  coa t ing  was used t o  
e s t a b l i s h  e l e c t r i c a l  conduc t iv i ty ;  however, t h e  g r a p h i t e  
c o a t i n g  f a i l e d  i n  some cases .  A gold and palladium c o a t i n g  
f o r  t h e  SEM samples was found t o  be s a t i s f a c t o r y  and was used 
on a l l  b u t  a  few i n i t i a l  SEM samples. 
I n  a d d i t i o n ,  a  gold  and palladium coa t ing  was placed 
4 s e c t i o n  o f  p i p e  was c u t  t o  t h e  l e n g t h  o f  t h e  mounted sample. 
A p o r t i o n  of  t h e  o u t s i d e  w a l l  of  t h i s  s e c t i o n  was ground t o  a 
dep th  no more t h a n  one i n i l l i m e t e r  from t h e  i n n e r  w a l l .  
The ground p o r t i o n  w a s  t h e n  c u t  o u t  w i t h  two p a r a l l e l  c u t s ,  
no more t h a n  f i v e  inm a p a r t ,  a l o n g  t h e  l e n g t h  of  t h e  s e c t i o n .  
F i g u r e  2 .  S t e p s  i n  P r e p a r i n g  SEM Sample. 
on a p o r t i o n  of some samples p r i o r  t o  submerging t h e  sample 
i n  water.  Th i s  i n i t i a l  coa t ing  was used t o  p reven t  changes 
i n  t h e  coated s u r f a c e .  
CHAPTER V 
RESULTS DISCUSSION OF RESULTS 
P i p e  Loop T e s t s  
A f t e r  examinat ion of t h e  c a l c u l a t e d  r e s u l t s  from t h e  
dynamic p i p e  loop  tests l i s t e d  i n  Appendix E ,  s e v e r a l  
c h a r a c t e r i s t i c s  were obvious .  I n  each  t e s t ,  t h e  c o n c e n t r a t i o n  
of t i n  i n  t h e  t e s t  wa te r  a t t a i n e d  a c o n s t a n t  v a l u e .  Also,  
i n  t h e  dynamic tests on unleached p i p e ,  t h e  r a t e  of i n c r e a s e  
i n  t h e  t i n  c o n c e n t r a t i o n  dec reased  as t h e  p e r i o d  of  r e c i r c u -  
l a t i o n  i n c r e a s e d .  I n  t h e  tests on leached  p i p e ,  t h e  concen- 
t r a t i o n  o f  t i n  i n  t h e  wa te r  reached  a v a l u e  s i g n i f i c a n t l y  
lower t h a n  t h e  c o n c e n t r a t i o n  reached  i n  t h e  tests on unleached 
p i p e .  
Based on t h e s e  c h a r a c t e r i s t i c s  i n  t h e  expe r imen ta l  
d a t a ,  s e v e r a l  assumptions  were made. The assumptions  were 
a s  fo l lows :  
1. The tes t  wa te r  a t t a i n e d  an e q u i l i b r i u m  w i t h  t h e  concen- 
t r a t i o n  o f  t i n  a t  o r  nea r  t h e  i n n e r  p i p e  w a l l .  
2 .  The c o n c e n t r a t i o n  of t i n  a t  o r  n e a r  t h e  i n n e r  p i p e  w a l l  
w a s  n o t  r e p l e n i s h e d  by t i n  from t h e  bu lk  of  t h e  p i p e  
w a l l .  
3 .  I n  t h e  water, a t  t h e  pipe-water  i n t e r f a c e ,  a  mass t r a n s f e r  
c o e f f i c i e n t  was a p p l i c a b l e .  
With t h e s e  assumptions,  a t h e o r e t i c a l  model was developed. 
The development of t h e  model i s  a s  fol lows:  
where NA = molar f l u x  cf t i n  from t h e  i n n e r  p ipe  wa l l  i n t o  
t h e  water f lowing through t h e  p i p e  
Kx = m a s s  t r a n s f e r  c o e f f i c i e n t  
kl = equ i l ib r ium c o n s t a n t  between cw and c  ( i . e . ,  
kl = (c/cw) equ i l ib r ium)  
= concen t ra t ion  of t i n  a t  o r  near  t h e  i n n e r  p ipe  
s u r f a c e  i n  terms o f  mass pe r  u n i t  a r e a .  
c  = concen t ra t ion  of t i n  i n  t h e  t e s t  water a t  time 
t i n  terms of  mass p e r  u n i t  volume 
5 = molecular weight of t i n  
Assuming t h e  concen t ra t ion  of t i n  a t  o r  n e a r  t h e  i n n e r  p ipe  
w a l l  i s  n o t  r ep len i shed  by t h e  d i f f u s i o n  of o rgano t in  corn- 
pounds from t h e  bulk o f  t h e  p ipe  w a l l  t h e  r e l a t i o n s h i p  f o r  
c  and c  i s  a s  fol lows 
W 
where c  = c  a t  t ime zero  
WO W 
k2 = cons tan t  which r e l a t e s  a  change i n  c t o  a change 





Letting k = Kx/k2, Eq. 10 becomes 3 
Substituting in Eq. 7 and simplifying, Eq. 11 becomes 
where 
Rearranging Eq. 12, it becomes 
I n t e g r a t i o n  of Eq. 13,  and l e t t i n g  k6 = k4/k5 y i e l d s  
Exponent iat ion of both s i d e s  of Eq. 1 4  and rearrangement 
y i e l d s  t h e  model 
The v a l u s s  of k6 and k5 were determined by f i t t i n g  
t h e  experimental  d a t a  f o r  a given p ipe  loop test  w i t h  Eq .  15 
us ing  a  l e a s t  squares  c r i t e r i a .  The optimum f i t  f o r  each 
t e s t  w a s  obta ined  using t h e  computer subrou t ine  PATERN ( 1 3 ) ,  
a  numerical  sea rch  f o r  mult idimensional  op t imiza t ion .  
The r e s u l t s  of t h e  dynamic p ipe  loop t e s t s  of pre- 
v i o u s l y  unleached p ipe  are i n d i c a t e d  by F igures  3 ,  4 ,  and 5. 
Along wi th  t h e  experimental  r e s u l t s  i s  t h e  model f i t t e d  f o r  
t h e  test  r e s u l t s .  The parameters of  t h e  model a r e  given i n  
Table 1. The r e s u l t s  of t h e  dyna-ixic p ipe  loop t e s t s  on 
leached p ipe  a r e  shown i n  Figure  6 and 7.  The equ i l ib r ium 
concen t ra t ion  of t i n  i n  t h e  test  water  a t t a i n e d  i n  t h e  t e s t s  
on leached p ipe  are 1.22 ppb and 1 . 1 2  ppb f o r  T e s t  No. 1 and 
Tes t  N o .  2 ,  r e s p e c t i v e l y .  
The maximum concen t ra t ion ,  a s  i n d i c a t e d  by t h e  va lue  
of  k6 ,  is  approximately 5 . 9  ppb Sn. S ince  t h e  system was 
charged wi th  20 g a l l o n s  of w a t e r ,  t h e  5.9 ppb Sn i n d i c a t e s  
t h a t  4 . 4 6  x  grams of t i n  was leached from t h e  PVC pipe .  
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Figure 7. Experimental Xesul ts  of Test N o .  2 on Previous ly  
Leached Pipe. 
Tahle 1. Resu l t s  of F i t t i n g  Experimental  Data With Proposed 
Model of T e s t  on Unleached 3/4 i n . ,  Sch. 80 Harvel 
FVC 1 1 2 0  Pipe.  
Flow Rate (GPM) 
6 . 0 7 4  
4 The 150 f e e t  of p ipe  had a  mass of  1.86 x 1 0  grams and a  t i n  
con ten t  of  approximately 4 0 0  ppm. Therefore ,  t h e  t o t a l  t i n  
con ten t  of t h e  150 f e e t  of t e s t  p ipe  was 7 . 4 6  grams, and t h e  
5 . 9  ppb t i n  r e p r e s e n t s  a  l o s s  of 0 . 0 0 6 0  pe rcen t  of t h e  t o t a l  
t i n  i n  t h e  t e s t  p ipe .  
Since such a  smal l  f r a c t i o n  of t i n  i s  leached from t h e  
p i p e ,  t h e  low concen t ra t ion  of  t i n  i n d i c a t e s  t h a t  t h e  o rgano t in  
a t  o r  near  t h e  i n n e r  w a l l  of t h e  p ipe  was leached o f f ,  and 
t h a t  t h e  migra t ion  of o rgano t in  from t h e  bulk of t h e  p ipe  
due t o  d i f f u s i o n  was n o t  s i g n i f i c a n t  dur ing  t h e  t e s t  pe r iod  
of over  4 0  days. 
Based on t h e  proposed model, t h e  r e l a t i o n s h i p  between 
t h e  mass f l u x  of t i n  from t h e  i n n e r  w a l l  of  t h e  p ipe  and 
t ime f o r  t h e  t e s t  system i s  
For t h e  t e s t  system, having an i n i t i a l  charge of  2 0  g a l l o n s  
2 of water  and 150 f e e t  of t e s t  p ipe  with 2 . 7 1  m of i n n e r  p i p e  
wal l .  t h e  va lue  of k2 i s  2.79 x d. For t h e  dynamic 
P P ~  
t e s t  a t  6.074 GPM, t h e  mass f l u x  of  t i n  was 
where t [ = I  day;= 
By assuming t h a t  t h e  concen t ra t ion  of o rgano t in  com- 
pounds i n  t h e  w a t e r  has  no e f f e c t  on t h e  mass f l u x  of organo- 
t i n  compounds from t h e  p ipe  w a l l ,  t h e  concen t ra t ion  of t i n  i n  
water  which i n i t i a l l y  flows through t h e  t e s t  p ipe  was ca lcu-  




' i n i t i a l  Flow R a t e  
where A i s  t h e  a r e a  of  t h e  i n n e r  p ipe  wa l l .  
at 6 . 9 7 4  GPM th:rough 1000 f e e t  of t e s t  p ipe  
2  
- (18.1 m l (4 .394 x 6  da 
' i n i t i a l  7 3.305 x 10 g/day 
For water  f lowing 
= 2.4 ppb Tin 
 heref fore, a  concen t ra t ion  of approximately 2 . 4  ppb t i n  would 
be  a t t a i n e d  i n  water  emerging from 1000 f e e t  of unleached t e s t  
p ipe .  
I n  terms of d i b u t y l t i n  d i c h l o r i d e ,  2 .4  ppb t i n  re2r2-  
s e n t s  6.15 ppb organot in .  Therefore ,  t h e  recommended maximum 
s a f e t y  l e v e l  of 20 ppb of organmeta l i ic  agen t s  (11) might 
w e l l  be exceeded i f  t h e  water  was c a r r i e d  through s e v e r a l  
thousand f e e t  of pipe.  
This  i n d i c a t e s  t h a t  be fo re  new PVC p ipe  i s  used t o  
convey d r i n k i n g  water ,  a  s h o r t  pe r iod  (1-2  hours)  of r i n s i n g  
should be implemented i n  o r d e r  t o  d r a s t i c a l l y  reduce t h e  
concen t ra t ion  of  organot in  compounds a t  o r  near  t h e  i n n e r  
wa l l  of t h e  PVC p ipe .  
The p ipe  used f o r  t h e  t e s t  unleached p ipe  a t  6.074 
GPM and t h e  p ipe  used i n  T e s t  No. 2 on leached p ipe  were t h e  
same pipe.  With t h e  assumption t h a t  t h e  l o s s  of t i n  dur ing  
t h e  r i n s i n g  between t h e s e  t e s t s  was n e g l i g i b l e ,  and wi th  t h e  
assumption t h a t  t h e  equ i l ib r ium r e l a t i o n s h i p  between t h e  t i n  
a t  o r  near  t h e  inner  p ipe  w a l l  and t h e  t i n  i n  t h e  water i s  
f i r s t  o r d e r  and l i n e a r ,  two and kl was c a l c u l a t e d  from t h e  
m a t e r i a l  ba lance  on t i n  which fo l lows.  
where k ' 
6 
= equ i l ib r ium c  reached i n  t h e  t e s t  on unleached 
~ i l ? e  
ki' = equ i l ib r ium c  reached i n  t h e  t e s t  on leached 
p ipe  
C wf = c  obta ined  a t  equ i l ib r ium i n  t h e  t e s t  on W 
leached p ipe  
Since 

Kx = c1 ( R e )  C2 
t h e  d a t a  was l e a s t  squa res  f i t t e d ,  a s  i n d i c a t e d  i n  F igure  8 .  
The v a l u e s  ob ta ined  f o r  cl and c2 w e r e  2.22 x 10 -7 g/m2 
ppb-day 
and 0 . 6 2 ,  r e s p e c t i v e l y .  The v a l u e  of  c2  g iven  by t h e  S i e d e r  
and T a t e  C o r r e l a t i o n  i s  0.8 f o r  h i g h l y  t u r b u l e n t  f low. Thus, 
c o n s i d e r i n g  t h e  s c a t t e r  of d a t a  as i n d i c a t e d  i n  F igure  8 ,  
t h e  va lue  of  0.62 f o r  c2  i s  i n  f a i r  agreement w i t h  t h e  v a l u e  
Table  2 .  Calcu.lated Values of R e  and Kx f o r  T e s t  on Unleached 
Pipe .  
Flow R a t e  (GPM) 
The r e s u l t s  of  t h e  s t a t i c  t es t  on t h e  U-shaped p i p e  
loop  a r e  shown i n  F igure  9,  a long  wi th  t h e  t h e o r e t i c a l  model 
f i t t e d  f o r  t h e  exper imenta l  d a t a .  The v a l u e s  of k6 and kg 
a r e  8.212 ppb and 2.019 day-', r e s p e c t i v e l y .  I n  t h e  s t a t i c  
2  
p i p e  loop  t e s t ,  t h e  v a l u e  of k2  was 4.712 x * . 
P P ~  
With Eq .  21, t h e  va lue  of  Kx was c a l c u l a t e d  t o  be 5.53 x 
n 
10 - + . There,  Kx i n  t h e  s t a t i c  t e s t  was less than  a  
ppb-m 
t e n t h  of Kx i n  t h e  1.519 GPM dynamic tes t .  
A s  i n  t h e  dynamic tes t ,  
Slope  = 0.62 
3 5 7 10 1 5  20 30 50 
Re x 
Figure 8. Log-Log Plot of K., versus Re. 
'\ 

Thus, t h e  v a l u e  of two w a s  c a l c u l a t e d  t o  be 8.21 x 1 0 - ~ c ~ / m  2 
i n  t h e  s t a t i c  test.  Th i s  is  less than  a  h a l f  of t h e  va lue  
O f  Cwo c a l c u l a t e d  i n  t h e  6 .074  GPM dynamic test .  Considering 
t h e  p o s s i b l e  sources  of e r r o r ,  t h e  agreement of t h e s e  va lues  
i s  f a i r l y  good. 
A s  s t a t e d  be fo re ,  t h e  t e s t  p ipe  was 3/4 i n . ,  Sch. 80 
Harvel PVC 1120 Pipe ,  a commercial product  ob ta ined  from a 
l o c a l  vendor. The uniformi ty  of t h e  concen t ra t ion  of 
o rgano t in  s t a b i l i z e r  a t  o r  nea r  t h e  i n n e r  w a l l  of a  2 0  f o o t  
s e c t i o n  of  p ipe  and wi th in  w a l l s  of  d i f f e r e n t  s e c t i o n s  of 
p ipe  i s  unknown. The randomness of t h e  o rgano t in  s u r f a c e  
concen t ra t ion  could cause some of  t h e  v a r i a t i o n  i n  equ i l ib r ium 
t i n  concen t ra t ions  obta ined  i n  t h e  p ipe  loop t e s t s .  
Another source  of randomness i n  t h e  t e s t i n g  w a s  t h e  
r i n s i n g  of  t h e  system p r i o r  t o  s t a r t  up of a  t e s t  on unleached 
pipe.  The author  at tempted t o  r i n s e  t h e  p ipe  i n  a c o n s i s t e n t  
manner; however, some v a r i a t i o n  i n  flow r a t e  dur ing  r i n s i n g  
was n o t  avoidable .  A f t e r  r i n s i n g ,  t h e  system was dra ined  a s  
completely as poss ib le .  A s m a l l  q u a n t i t y  of water, however, 
might s t i l l  have remained i n  t h e  p ipe .  This  water  could have 
r e s u l t e d  i n  s t a t i c  leaching .  
The samples taken dur ing  t h e  dynamic test  w e r e  assumed 
t o  have an o rgano t in  concen t ra t ion  equal  t o  t h a t  of t h e  bulk 
concen t ra t ion  i n  t h e  t e s t  water.  Two p r i n c i p l e  f a c t o r s  
a f f e c t  t h e  v a l i d i t y  of t h i s  assumption, p a r t i c u l a r l y  i n  t h e  
i n i t i a l  per iod  of t h e  t e s t  when t h e  r a t e  of l each ing  was 
g r e a t e s t .  One f a c t o r  i s  t h e  manner i n  which t h e  sample 
was taken.  S ince  t h e  sample was c o l l e c t e d  from t h e  s t ream 
r e t u r n i n g  t o  t h e  t ank  from t h e  p ipe  loop,  t h e  o rgano t in  
concen t ra t ion  of t h e  sample could  have been somewhat h igher  
than t h e  bulk concen t ra t ion .  The o t h e r  f a c t o r  is t h a t  t h e  
only  mixing of t e s t  water  i n  t h e  tank r e s u l t e d  from r e c i r -  
c u l a t i o n .  Although r e c i r c u l a t i o n ,  p a r t i c u l a r l y  a t  t h e  h igher  
flow r a t e s ,  r e s u l t s  i n  a  cons ide rab le  mixing e f f e c t ,  t h e  
mixing i n  t h e  system may n o t  have been s u f f i c i e n t  enough t o  
r e s u l t  i n  a uniform organo t in  concen t ra t ion  i n  t h e  tank.  
S ince  t h e  concen t ra t ion  of o rgano t in  i n  t h e  t e s t  
water  w a s  i n  t h e  a r e a  of s e v e r a l  p a r t s  pe r  b i l l i o n ,  t h e  AA 
spectrophotometer  w a s  working n e a r  t h e  l i m i t s  of i t s  
s e n s i t i v i t y .  This could r e s u l t  i n  a r e d u c t i o n  i n  t h e  
accuracy of t h e  q u a n t i t a t i v e  a n a l y s i s  of t h e  samples. Also,  
s i n c e  t h e  o rgano t in  compound i n  t h e  t e s t  water  has  n o t  been 
q u a l i t a t i v e l y  determined, t h e  u s e  of s t o c k  s o l u t i o n s  of 
d i b u t y l t i n  d i c h l o r i d e  f o r  t h e  c a l i b r a t i o n  may have r e s u l t e d  
i n  a  sys temat ic  e r r o r .  S o l u t i o n s  of d i f f e r e n t  o rgano t in  
compounds, having equal  t i n  concen t ra t ion ,  do r e s u l t  i n  
somewhat d i f f e r e n t  ,MA responses.  
No d i s c u s s i o n  of sources  of  sys temat ic  and random 
e r r o r s  i n  t h e  dynamic p ipe  loop t e s t s  can be complete wi thout  
mentioning contamination. Great care was taken to avoid 
contamination of the test water and samples. However, since 
such low levels of organotin compounds were detected, any 
amount of tin contamination could have resulted in signifi- 
cant error in the quantitative analysis of organotin com- 
pounds in the test water. 
Electron Microscopy Tests 
From the examination of 2 2  samples of unleached 
Harvel PVC 1120 pipe by SEMI a considerable degree of varia- 
tion in the microstructures on the surface was apparent. 
The same variety of surface features was also seen in the 
2 2  samples of leached pipe. 
The microstructures found most commonly on the 
inner surface include protuberances and particle-like 
structures. Other microstructures observed include ridges, 
cracks, and creater-like structures. In some samples, the 
protuberances appeared to be in columns which go along the 
length of the pipe. In other samples, ridges and particle- 
like structures appeared in small regions which surrounded 
by large areas of relatively smooth surface. 
In Figures 10, 11, 12, and 13 photomicrographs of the 
inner surface of a SEM sample are shown. The particle-like 
structures and the protuberances can be seen in Figures 10 
and 12, respectively. The sample, approximately ten inilli- 
meters in length was statically leached at room temperature 
F i g u r e  1 0 .  L e a c h e d  Harvel PVC 1 1 2 0  P i p e  S e c t i o n  ( I n s i d e  
S u r f a c e )  M a g n i f i c a t i o n  5 , 0 0 0 ~ .  
F i g u r e  11. L e a c h e d  Harvel PVC 1 1 2 0  P i p e  S e c t i o n  (Same S u r -  
f a c e  as i n  F i g u r e  1 0 )  K a g n i f i c a t i o n  2 0 , 0 0 0 ~ .  
Figure 12. Precoated Harvel PVC 1120 Pipe Section (Inside 
Surface Adjacent to Surface in Figure 10) 
Magnification 5,000~. 
Figure 13. rrecoatea narvel rvc L L L U  rlpe Section (Same 
Surface as in Figure 12) Magnification 20,000~. 
f o r  e i g h t  days.  Before  t h e  sample was p laced  i n  t h e  h igh  
p u r i t y  wa te r ,  h a l f  t h e  l e n g t h  of t h e  sample was coa ted  wi th  
gold and pallad.ium. The purpose of  t h e  c o a t i n g  was t o  pre-  
v e n t  changes i n .  t h e  under ly ing  s u r f a c e .  The d i f f e r e n c e s  i n  
t h e  s u r f a c e  fea . tures  a r e  cons ide rab le .  
The nonu.niformity of t h e  m i c r o s t r u c t u r e s  on i n n e r  
s u r f a c e  of  t h e  Harvel  PVC 1 1 2 0  P ipe ,  a s  r evea led  by SEMI was 
n o t  s u r p r i s i n g .  The PVC p i p e  i s  an ex t ruded  product ,  and 
some v a r i a t i o n  i n  t h e  r e s i n  and i n  t h e  p rocess ing  c o n d i t i o n s  
w i l l  undoubtedly occur .  
Because an e l e c t r i c a l l y  conduct ing c o a t i n g  had t o  be 
p laced  on t h e  sample p r i o r  t o  examination by SEM, t h e  a u t h o r  
was unable  t o  examine a  s u r f a c e  b e f o r e  and a f t e r  t r e a t i n g  it. 
To p a r t i a l l y  ccmpensate f o r  . t h i s ,  ha lves  of some SEM Sam- 
p l e s  were coa ted  p r i o r  t o  l each ing .  I n  o r d e r  t o  tes t  t h e  
e f f e c t  of  t h e  c o a t i n g  on t h e  samples,  some ha l f - coa ted  Sam- 
p l e s  w e r e  s t o r e d  a t  room tempera ture  wi thou t  l each ing .  A f t e r  
s e v e r a l  days ,  t h e  samples were e n t i r e l y  coa ted .  Examination 
by SEM revea led  t h a t  t h e  s u r f a c e  f e a t u r e s  of bo th  ha lves  of 
a  sample w e r e  s i m i l a r  i n  most cases .  
No d e f i n i t e  s t a t emen t  can be made about  t h e  e f f e c t  of 
l e a c h i n g  on s u r f a c e  f e a t u r e s  because of  t h e  nonuniformity of 
t h e  i n n e r  s u r f a c e  and t h e  i n a b i l i t y  t o  examine an uncoated 
s u r f a c e .  I n  some c a s e s ,  t h e  leached  s u r f a c e  appeared t o  be 
somewhat smoother than  an a d j a c e n t  precoa ted  o r  unleached 
s u r f a c e .  I n  o t h e r  c a s e s ,  t h e  o p p o s i t e  was t r u e .  O v e r a l l ,  
however, the leached samples did appear to be somewhat 
smoother, without as many particle-like structures. Whether 
or not these microstructures are rich in organotin compounds 
is not presently known. 
CHAPTER V I  
CONCLUSIOIJS AND RECOMMENDATIONS 
The dynamic t e s t  on 3 /4  i n . ,  Sch. 80 Harvel  PVC 
1120 p i p e  i n d i c a t e d  t h a t  an  e q u i l i b r i u m  i n  o r g a n o t i n  com- 
pounds w a s  a t t a i n e d  between t h e  i n n e r  w a l l  of  t h e  PVC p i p e  
and t h e  h igh -pu r i t y  water r e c i r c u l a t e d  th rough  t h e  p i p e .  
The dynamic tests  a l s o  i n d i c a t e d  t h a t  t h e  o r g a n o t i n  com- 
pounds a t  o r  n e a r  t h e  i n n e r  p i p e  w a l l  were l eached  o f f  by 
t h e  w a t e r ,  and n o t  r e p l e n i s h e d  by d i f f u s i o n  o f  o r g a n o t i n  com- 
pounds i n  t h e  bu lk  of  t h e  w a l l .  Based on t h e s e  i n d i c a t i o n s ,  
a t h e o r e t i c a l  node1 having t h e  f o l l o w i n g  form w a s  d e r i v e d  
f o r  t h e  dynamic: t e s t  system: 
where c = c o n c e n t r a t i o n  o f  t i n  i n  t e s t  wate r  
k6 = model parameter  whose v a l u e  c  a t t a i n s  a t  e q u i l i -  
b r  ium 
kg = model parameter  which i s  a f u n c t i o n  of  t h e  m a s s  
t r a n s £  er c o e f f i c i e n t  
t = t i m e !  
From t h i s  model., t h e  l e a c h i n g  ra te  i s  p r e d i c t e d  t o  be  a  
decay ing  e x p o n e n t i a l  f u n c t i o n  f o r  any PVC p i p e  loop .  
C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  c o n c e n t r a t i o n  o f  
o r g a n o t i n  compc,unds i n  water which i n i t i a l l y  emerges from 
s e v e r a l  thousand f e e t  of  unleached 3/4 i n . ,  Sch. 80 Harvel 
PVD 1120 p ipe  can be w e l l  over  a  suggested maximum s a f e  
l e v e l .  The leaching  r a t e ,  however, can be lowered t o  a 
s a f e  l e v e l  by simply r i n s i n g  t h e  p ipe  f o r  a pe r iod  of 4 
hours  a t  a  Reynolds number of 7,000 o r  more. 
The mass t r a n s f e r  c o e f f i c i e n t ,  Kx, f o r  t h e  migra t ion  
of o rgano t in  cl3mpounds from t h e  inner  s u r f a c e  of t h e  p i p e  
t o  t h e  flowing water i s  a  f u n c t i o n  of Reynolds number. 
Based on ca lcu . l a t ed  d a t a  from t h r e e  t e s t s  on unleached p ipe  
a t  d i f f e r e n t  flow r a t e s ,  Kx is p r o p o r t i o n a l  t o  t h e  Reynolds 
number r a i s e d  t o  t h e  0.62 power. Considering t h e  s c a t t e r  
i n  t h e  d a t a ,  t h e  va lue  of  0.62 agrees  favorably  wi th  t h e  va lue  
of 0.80 re2or ted  by Sieder  and Tate  (17) . 
The examination of t h e  inner  s u r f a c e  of 3 1 4  i n . ,  Sch. 
80 Harvel PVC :L120 p ipe  r e v e a l s  t h e  m i c r o s ~ t r u c t u r e s  on t h e  
s u r f a c e ,  which inc lude  protuberances and p a r t i c l e - l i k e  
s t r u c t u r e s ,  
A 1  though 
a r e  n o t  uni f  o m  
d e f i n i t e  change 
i n  s i z e  and d i s t r i b u t i o n .  
t h e  s u r f a c e  due l each ing  
w a s  found, t h e  leached s u r f a c e  appeared t o  be somewhat 
smoother than  t h e  unleached su r face .  
I n  o r d e r  t o  b e t t e r  a s s e s s  t h e  h e a l t h  hazards of t h e  
o rgano t in  s t a b i l i z e r  which l e a c h  from PVC p ipe ,  a  q u a l i t a t i v e  
a n a l y s i s  of  t h e  o rgano t in  compounds leached from PVC p i p e  
would be b e n e f i c i a l .  Also,  i n  o r d e r  t o  extend t h e  r e s u l t s  
of  t h i s  s tudy t o  t h e  everyday use  of  PVC p ipe ,  tests us ing  
water  con ta in ing  known concen t ra t ions  of s o l u t e s  found i n  
potable water should be made. 
The significance of the diffusion of organotin com- 
pounds from PVC pipe should be determined through experimental 
studies. Also further experiemental studies should be done 
to determine the equilibrium isotherms for the concentrations 
of tin in PVC pipe-water systems. 
APPENDIX A 
2 
A Surface area of inner wall of pipe, [m ] 
c Concentration of tin in test water, [ppb] 
Cw Concentration of tin at or near inner pipe wall in terms 
2 of mass per unit area, [gr/m ] 
D Inner diameter of pipe, [m] 
2 
D~ 
Molecular diffusivity [m /day 1 
f Friction factor 
2 
Kx Mass transfer coefficient, [gr/day-m -PP~] 
Model parameter which is a function of Kx, [day-'] 
Model parameter which is a function of cw at time zero, [ppbl 
Dimensionless mass transfer coefficient 
Wall thickness, [ml 
Fraction of original species which escapes from wall or 
pipe 
Molar flux, [gr-moles/m2-day] 
Nusselt Number 
Inner radius of pipe, [m] 
Reynolds Number 
Schmidt Nunlber 
Temperature, [ OK] 
Time, [day] 
Shear veloc!ity , [m/day] 
APPENDIX B 
FATERIALS STUDY 
For t h e  p l a t i n g  s tudy,  a 50 g a l l o n  hemispherical  
aluminum tank was p a r t i a l l y  f i l l e d  wi th  approximately f i v e  
g a l l o n s  of 4 4  ppb t i n  s o l u t i o n .  Samples were withdrawn a f t e r  
t h r e e  and f i v e  days. A p l o t  of t i n  concen t ra t ion  versus  t ime,  
F igure  B 1 ,  i n d i c a t e d  t h a t  t h e  t i n  was s i g n i f i c a n t l y  p l a t e d  
out. 
A f t e r  t h e  aluminum tank was found t o  be unacceptable ,  
a 100 g a l l o n  copper tank was considered.  The p l a t i n g  s tudy 
of copper w a s  conducted by p l a c i n g  approximately 65 grams of 
copper t u r n i n g s  i n  a 250 m l .  beaker a long wi th  200 m l .  of  a 
350 ppb t i n  s tandard.  The amount of copper used corresponded 
2 t o  a s u r f a c e  a r e a  of about  225 cm . A c o n t r o l  beaker con- 
t a i n i n g  only  t h e  t i n  s t andard  w a s  p laced  a longs ide  t h e  tes t  
beaker.  Both beakers  were covered and allowed t o  s t and  a t  
ambient temperatures  f o r  53 hours.  The e x c e l l e n t  agreement 
between t h e  r e s u l t s  of t h e  q u a n t i t a t i v e  a n a l y s i s  of t h e  Sam- 
p l e s  taken  from beakers  w i t h  and wi thout  copper makes it 
c l e a r  t h a t  no p l a t i n g  took p lace .  Since copper w a s  an accept-  
a b l e  material, a f u r t h e r  examination of t h e  tank  w a s  made. 
The inetal a l low used t o  s o l d e r  t h e  f i t t i n g s  on to  t h e  tank 
w a s  analyzed t o  be l e a d  and t i n ;  t h u s ,  t h e  copper tank a l s o  
had t o  be r e j e c t e d .  
T e s t s  s i m i l a r  t o  those on t h e  copper t u r n i n g s  w e r e  
a l s o  conducted on 304  s t a i n l e s s  steel  t u r n i n g s .  The t e s t  
r e s u l t s  i n d i c a t e d  t h a t  304 s t a i n l e s s  s t e e l  was a l s o  an 
accep tab le  m a t e r i a l .  
S t a b i l i t y  of  t i n  s o l u t i o n  samples s t o r e d  i n  polyethy- 
l e n e  and polypropylene b o t t l e s  was .  compared wi th  samples 
s t o r e d  i n  g l a s s  b o t t l e s  f o r  a one-month per iod .  The s to red-  
in -g lass  samples d e t e r i o r a t e d  t o  about 50% of t h e i r  o r i g i n a l  
concen t ra t ion .  The samples s t o r e d  i n  polye thylene  and 
polypropylene showed no s i g n i f i c a n t  decreases  i n  concentra- 
t i o n .  
Figure B-1 .  
Tine (Days) 
Aluminum Tank Plating Results. 
APPENDIX C 
AA METHOD 
The q u a n t i t a t i v e  a n a l y s i s  of o rgano t in  compounds i n  
t h e  samples taken  from t h e  dynamic p ipe  loop t e s t  were run 
by members of t h e  s t a f f  of t h e  Engineering Experiment S t a t i o n  
a t  Georgia Tech. T h i s  a n a l y s i s  was d i r e c t e d  by D r .  Stephen 
Havlicek and D r .  Jack  R a l l s .  
The ana lyses  were run using  a f l ameless  atomic absorp- 
t i o n  (AA) method. Th i s  method has been optimized f o r  
maximum s e n s i t i v i t y  and t e s t e d  under a  wide v a r i e t y  of 
o p e r a t i n g  condi t ions .  The concen t ra t ion  range f o r  which 
t h e  AA method had been developed w a s  0.4-'40 pg/l  as t i n  o r  
1.0-100 p g / l  a s  d i b u t y l t i n  d i c h l o r i d e .  The s t andard  opera t ing  
cond i t ions  w e r e  e s t a b l i s h e d ,  and t h e  optimum ins t rumenta l  
parameters  w e r e  as fo l lows : 
1. Tin e l e c t r o d e l e s s  d i scharge  lanip 
2. Wavelength 224.6 o r  286.3 nm 
3. Drying c o n d i t i o n s  - 95-100°C 
a .  60-80 s e c  f o r  100 p 1  sample 
b. 50-55 s e c  f o r  50 p 1  sample 
c.  40 s e c  f o r  20 p 1  sample 
d. 35 s e c  f o r  10 9 1  sample 
4 .  Charring c o n d i t i o n s  500-700°C f o r  30 s e c  
5. Atomizing c o n d i t i o n s  - 2400°C f o r  1 2  s e c  wi th  n i t r o g e n  
i n t e r r u p t  a t  7 o r  8  s e c  
For P-E 303 AA 'Spectrophotoneter ,  s l i t  4 a t  2 2 4 . 6  nm and 
s l i t  3 a t  286.3 nm, a  s c a l e  expansion of 1 0 X  i s  used f o r  
concen t ra t ions  below 4 pg/l  expressed a s  t i n  and 3 X  f o r  
concen t ra t ions  from 4 pg/ l  t o  40  pg/l.  Noise suppres ion  
wi th  a  r e l a t i v e l y  s h o r t  t ime cons tan t  (approximately one 
sec )  were employed. 
C a l i b r a t i o n  of AA method was done by running s t andard  
samples of known concen t ra t ions  of d i b u t y l t i n  d i c h l o r i d e .  
The s tandard  smaples were prepared from s t o c k  s o l u t i o n s  of 
1 0 0  pg/1 d i b u t h y l t i n  d i c h l o r i d e .  Stock s o l u t i o n s  were pre- 
pared by d i s s o l v i n g  t h e  a p p r o p r i a t e  amount of h ighly  p u r i f i e d  
d i b u t y l t i n  d i c h l o r i d e  i n  no more than  50 ml.of h igh-pur i ty  
methyl a l c o h o l ,  adding 50 m l .  of h igh-pur i ty  6  normal hydro- 
c h l o r i d e  a c i d  ( H C 1 )  and d i l u t i n g  t o  500 m l .  w i th  h igh-pur i ty  
deionized water .  D i lu t ion  of t h e  s t o c k  s o l u t i o n s  t o  be used 
a s  c a l i b r a t i o n  s t andards  a t  t h e  t ime of a n a l y s i s  were made 
up i n  such a  way a s  t o  maintain t h e  0.6 normal H C 1  concentra- 
t i o n s  i n  a l l  s o l u t i o n s .  A t  3 .9  pg/l t i n  a  r e l a t i v e  s t andard  
d e v i a t i o n  of l e s s  than  f i v e  pe rcen t  was obta ined .  
The response of t h e  AA spectrophotometer is recorded 
wi th  a  s t r i p  c h a r t  r ecorde r .  The t y p i c a l  raw d a t a  from an 
AA a n a l y s i s  i s  shown i n  Figure  C-1.  The peak h e i g h t s  a r e  
p ropor t iona l  t o  t h e  t i n  con ten t  i n  t h e  sample. Therefore ,  a  
50 p 1  sample of 1 0  ppb Sn and a 1 0 0  p 1  sample of 5  ppb Sn 
w i l l  g i v e  t h e  same ~ e a k  h e i g h t s .  The c a l i b r a t i o n  curve of t h e  
Figure  C-1. Typical R a w  D a t a  F r o m  F l a m e l e s s  A t o m i c  A b s o r p -  
t i o n  A n a l y s i s .  
AA unit was made by running samples with 2, 5, and 10 nano- 
grams of dibutyltin dichloride. The result is a linear 
calibration curve. 
APPENDIX D 
The c a l i b r a t i o n  curves  of t h e  o r i f i c e  p l a t e s  used 
i n  t h e  dynamic p i p e  loop t e s t s  a r e  a t t ached .  F igure  D-1  
shows t h e  c a l i b r a t i o n  curve f o r  o r i f i c e  p l a t e  A and Figure 
D-2 shows t h e  c a l i b r a t i o n  curve  f o r  o r i f i c e  p l a t e  B. 
F i g u r e  D-1.  Calibrati~n of Orifice P l a t e  A .  
(AP)1'2 P [=] in. Oil-B20 
Figure D-2. Calibration of Orifice Plate B. 
APPENDIX E 
T a b l e  E-1. O r i f i c e  P l a t e  and P r e s s u r e  Drop O v e r  I t  for  
D y n a m i c  Tests of U n l e a c h e d  P i p e .  
F l o w  R a t e  (GPM) 
6 . 0 7 4  
3 . 0 3 7  




AP ( i n  O i l - H 2 0 )  
9 . 0 0  
2 . 2 5  
T a b l e  E-2. P r e s s u r e  Drop O v e r  O r i f i c e  P l a t e  A f o r  T e s t  on 
. P i p e  L e a c h e d  f o r  1 0 . 3 3  Days a t  6 . 0 7 4  GPM. 
AP ( i n  O i l - H 2 0 )  T i m e  of AP Se t t ing  ( d a y s )  
Table E-3. Ca lcu la t ed  R e s u l t s  f o r  6 . 0 7 4  GPM T e s t .  
Time, days Concen t ra t ion ,  PPb Sn 
Table  E-4. Calculated R e s u l t s  f o r  3 . 0 3 7  GPM T e s t .  
Tine, days Concent ra t ion ,  PPb Sn 
T a b l e  E-5. C a l c u l a t e d  R e s u l t s  for 1 . 5 1 9  GPM T e s t .  
T h e ,  d a y s  Concentration, p p b  Sn 
T a b l e  E-6. C a l c u l a t e d  R e s u l t s  f o r  T e s t  on P i p e  L e a c h e d  f o r  
1 0 . 3 3  D a y s  a t  6 . 0 7 4  GPM ( T e s t  No. 1) .  
T i m e ,  days C o n c e n t r a t i o n ,  ppb T i n  
Table E-7. Calculated Results for Test on Pipe Leached for 
13.06 Days at 6.074 GPM (Test No. 2) . 
Time, days Concentration, ppb Tin 
Table E-8. Calculated Results for Static Test on U-Shaped 
Pipe Loop. 
Time, days Concentration, ppb Tin 
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